Abstract: Behavioral variant frontotemporal dementia (bvFTD) disrupts our most human social and emotional functions. Early in the disease, patients show focal anterior cingulate cortex (ACC) and orbital frontoinsula (FI) degeneration, accentuated in the right hemisphere. The ACC and FI, though sometimes considered ancient in phylogeny, feature a large bipolar projection neuron, the von Economo neuron (VEN), which is found only in humans, apes, and selected whales-all largebrained mammals with complex social structures. In contrast to bvFTD, Alzheimer disease (AD) often spares social functioning, and the ACC and FI, until late in its course, damaging instead a posterior hippocampal-cingulo-temporal-parietal network involved in episodic memory retrieval. These divergent patterns of functional and regional impairment remain mysterious despite extensive molecular-level characterization of bvFTD and AD. In this report, we further develop the hypothesis that VENs drive the regional vulnerability pattern seen in bvFTD, citing recent evidence from functional imaging in healthy humans, and also structural imaging and quantitative neuropathology data from bvFTD and AD. Our most recent findings suggest that bvFTD and AD target distinct, anticorrelated intrinsic connectivity networks and that bvFTD-related VEN injury occurs throughout the ACC-FI network. We suggest that the regional and neuronal vulnerability patterns seen in bvFTD and AD underlie the divergent impact of these disorders on recently evolved social-emotional functions.
T he slow churn of evolution has rendered a human brain with remarkable flexibility. Like other primates and many mammals, we can manage dynamic, immediate stimuli and contexts using a fluid mix of cognitive and emotional processing. Humans and great apes may differ even from other primates, however, in their ability to represent the mental and emotional contents of the self and others 1 and to use self-anchored, visceral-autonomic, emotional salience assessments to reach decisions that serve both short-and long-term personal objectives. In parallel with these achievements, the human brain has evolved the capacity to perform mental time travel. 2 Thought by some to further distinguish humans, 3 and possibly apes, 4 from other species, mental time travel refers to projection of the self into one's personal past and future. The dementias can slowly undermine each of these recently evolved capacities, and this observation is the main theme of this manuscript.
In neurodegenerative diseases, genetic-molecular aberrations undermine specific neurons within specific brain regions. These changes disrupt function-critical neural networks, producing signature patterns of cognitive or behavioral impairment. In this report, we highlight selective vulnerability in behavioral variant frontotemporal dementia (bvFTD) and Alzheimer disease (AD), the most common dementia syndromes in patients less than 65 years of age. 5 We describe how these disorders produce contrasting patterns of behavioral, regional, and cellular level impairment that reflect divergent assaults on ''here and now'' (emotional salience assessment) versus ''there and then'' (mental time travel) processing.
SOCIAL FUNCTIONING DIFFERENCES IN bvFTD AND AD REFLECT CONTRASTING REGIONAL VULNERABILITY PATTERNS
BvFTD is the commonest of 3 clinical syndromes caused by underlying frontotemporal lobar degeneration pathology. Patients with bvFTD develop early impairments in social cognitive and emotional functions, including self-conscious emotions, such as embarrassment 6 ; theory of mind 7, 8 ; empathy 7, 9 ; metacognitive judgment, including awareness of deficit 8 and moral sensibility. 7, 10 Patients may even develop shifts in long-held core aspects of their personal identity, especially when asymmetric right hemisphere involvement is seen. 11 These deficits suggest impairment in the brain's ability to represent the self (both viscerally and abstractly) and to represent the feelings and thoughts of others. 12 During development, as in phylogeny, many aspects of self-and other-representation emerge late. Infants achieve mirror self-recognition at 15 to 24 months of age, providing a necessary substrate for the self-conscious emotions, such and embarrassment and shame, that follow. 13 Patients with early bvFTD often retain core autonomic reflexes yet prove difficult to embarrass, 6 perhaps because they cannot perceive the social-emotional significance of their own actions. Even more intriguingly, some patients can articulate the precise feelings of others' (eg, their spouse's distress) yet lack the emotional and behavioral responses normally evoked by those feelings. These selective social-emotional deficits arise in parallel with consistent 14 and severe 15, 16 anterior cingulate cortex (ACC) and orbital frontalinsula (FI) degeneration. Previous pathologic studies have suggested that medial frontal and orbital frontoinsular regions are also the sites where bvFTD-related atrophy begins. 17, 18 Consistent with this idea, we recently showed that patients with very mild bvFTD (Clinical Dementia Rating scale score = 0.5) feature ACC/FI atrophy, accompanied by focal frontal pole, rostromedial and dorsolateral prefrontal, striatal, and thalamic injury. 19 These early-affected regions may represent an anterior brain system for socialemotional functioning, 20 with a particular emphasis on regions that support visceral self-and other-representation. [21] [22] [23] Notably, while this anterior network degenerates, posterior cortical functions survive or even thrive, at times associated with emergent visual creativity. 24 AD, in contrast, begins with episodic memory dysfunction and impaired mental time travel, accompanied by neuropathologic, 25, 26 metabolic, 27 and functional connectivity 28 changes within the medial temporal lobe. Entorhinal cortex layer 2 pyramidal projection neurons show early tangle formation and neuronal dropout. 26 In addition, prominent posterior cingulate cortex (PCC), precuneus (preCu), and lateral temporoparietal dysfunction is seen, 15, 28, 29 suggesting impairment throughout a posterior episodic memory network 30, 31 equipped to perceive and re-represent the visual, spatial, auditory, and verbal elements of current or past experience. In AD, core social-emotional processes often persist as an island of spared functioning, even while cognition beyond the memory system progressively deteriorates. Indeed, patients with AD perform normally or better on the same tasks that have defined the bvFTD social-emotional syndrome. [8] [9] [10] At the bedside, patients with AD are often warm, sensitive, and in tune with their caregivers, who describe them as ''still the same person they were before.'' ACC and FI are often spared until late stages of AD, 32 and direct comparisons highlight focal ACC-FI hypoperfusion 33 and atrophy 34 in bvFTD compared with AD.
In contrast, dorsolateral prefrontal regions critical for executive functioning are affected in both disorders, 34 explaining why social, not cognitive, frontal functions help differentiate bvFTD from AD. 35 For all of these reasons, studying the ACC and FI may reveal factors that affect neuron survival (for better or worse) in neurodegenerative disease.
HUMAN FUNCTIONAL NETWORK ARCHITECTURES RELATED TO bvFTD AND AD
Functional imaging studies suggest that a basic role of the frontal paralimbic cortex is to generate, through ACC, and re-represent, via FI, visceral-autonomic responses. [36] [37] [38] Adaptive human behavior may rely on integration of these body state signals with social stimuli, situational context, and long-term personal goals. Consistent with these ideas, ACC and FI activate in response to diverse forms of biologic salience, including the emotional aspects of pain 23, 39 ; metabolic stress 40 ; sensual touch 41 ; faces of loved ones, 42 allies, 43 or rivals 44 ; and certain forms of uncertainty 45 and task set engagement. 46 In essence, ACC and FI are engaged as one enters the here and now to deal with some salient cognitive, homeostatic, or emotional demand. 47, 48 We and others have shown that ACC and FI anchor an intrinsic connectivity network (ICN) in healthy humans, detectable using functional connectivity analysis of task-free functional magnetic resonance imaging (fMRI) data. 48, 49 Here and now dealings are perturbed in patients with bvFTD, for whom serious social transgressions 7, 10 and even threats to homeostasis 50 lack emotional weight. A posterior ICN, closely related to the regions affected in AD, has received greater attention 51, 52 than the paralimbic ''emotional salience network'' 48 and routinely deactivates during tasks that activate the ACC and FI. 42, 53 This network, sometimes referred to as the default mode network (DMN), is made up of the hippocampi, PCC/preCu, lateral parietal regions, and rostromedial prefrontal cortex (rmPFC), structures critical for episodic memory formation and retrieval, mental imagery, and reflective contemplation. 30, [53] [54] [55] In essence, regions composing the DMN seem to support there and then functions we use to wander through thoughts and images from our personal past and future. When pressing here and now stimuli are detected and introspection must halt, the DMN deactivates and the ACC-FI network turns on. These functional imaging observations suggest a reciprocal relationship between the major networks that degenerate in early bvFTD and AD.
Recent fMRI data from anesthetized monkeys and humans suggest that ICNs are detectable independent of consciousness, are partly conserved in evolution, and may reflect the degree to which anatomically interconnected brain regions exhibit functional-metabolic coherence. 56 Regions heavily interconnected, that is, show greater intrinsic functional MR connectivity than do regions with light, indirect, or absent connections. Even so, functional covariance has also been demonstrated among functionally 
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related cortices connected across multiple synapses. 56 Furthermore, in healthy humans, the degree of subregional connectivity within ICNs can predict individual differences in cognitive and emotional function measured outside the scanner. 48 These new findings suggest that ICNs may provide a robust assay of network integrity in neurodegenerative disease.
NEURONAL EVOLUTION WITHIN THE ACC-FI NETWORK
The ACC and FI share several cytoarchitectural features that reflect their functional-anatomic kinship. These regions are agranular paralimbic cortices with a prominent layer 5, an absent layer 4, and a less conspicuous layer 2 than seen in adjacent neocortex. Both ACC and FI show prominent layer 5 myelination and sit at transition zones between limbic allocortex and frontal neocortex, leading some authors to consider them primitive, or at least more conserved throughout mammalian phylogeny, compared with the neocortex. 57 Nonetheless, ACC and FI are the unique homes to a class of large bipolar projection neurons ( Fig. 1 ) first described by Betz 58 in 1881. Von Economo later studied these cells in depth, was struck by their peculiar topographic distribution, and speculated that ACC and FI have come to serve new functions in humans compared with our remote mammalian ancestors whose goal-seeking behaviors were more driven by olfaction. 59 Presciently, he surmised that the shared features of ACC and FI might relate to joint processing of visceral-autonomic inputs and outputs. Although these von Economo neurons (VENs) have been referred to elsewhere as ''spindle neurons,'' 60 the term VEN was offered to sidestep terminologic confusion with other spindle-shaped cells described in the literature. 61 In 1999, Nimchinsky and colleagues 62 found VENs only in great apes and humans, despite an extensive search of 22 other primates and 30 additional mammalian species. In 2006, VEN-like neurons were observed in the ACC, FI, and frontal pole of humpback, fin, and killer whales, suggesting convergent evolution in a separate lineage of large-brained, socially complex mammals. In humans, VENs are notably larger, more clustered, 62 and more abundant 61 than in apes. VENs arise late in gestation and increase numerically untill 4 to 8 years of age before they are reduced to their adult prevalence. 61 Adult VENs show a simplified dendritic arbor that seems tailored to provide a narrow sampling of inputs within a small cortical column. 63 Large VEN axons project beyond the local circuitry to as yet unknown targets. 60 Consistent with a possible role for these cells in recently evolved socialemotional functions, VENs are 30% more abundant in the right hemisphere of apes and humans and express dopamine 3, serotonin 1b/2b, and vasopressin 1a receptors within the proximal somatodendritic compartment. 61 Whether considering phylogeny, ontogeny, topology, or lateralization, VEN characteristics can be described in ways that are remarkably similar to how we might describe functions lost in bvFTD. That is, bvFTD targets recently evolved, late-developing functions that localize to ACC and FI, especially in the nondominant hemisphere. These factors led us to hypothesize that VENs are the early cellular target in bvFTD, akin to the layer 2 pyramidal neurons affected in early AD. In support of this hypothesis, we demonstrated that left pregenual ACC VENs are selectively vulnerable in bvFTD. 64 VEN dropout in this region was early and profound, ranging 50% to 90% versus controls (mean 74%, n = 7). Most importantly, the ratio of VENs to neighboring neurons was dramatically reduced, even among bvFTD patients with mild overall frontal atrophy. In AD, the mean VEN to neighboring neuron ratio was equal to controls, and we have yet to observe neurofibrillary tangles within VENs. These findings suggest that VEN selective vulnerability may be a unique and defining feature of bvFTD, but further work is needed to determine whether VENs represent the initial cellular target that triggers the broader bvFTD degenerative cascade. To test these possibilities, VENs need to be quantified in FI and in the right hemisphere.
Thus far, the goal of this paper has been to develop the hypotheses that bvFTD and AD target distinct, anticorrelated intrinsic brain networks and that bvFTD targets VENs. In the remaining sections, we provide new data supporting these ideas. First, we demonstrate the reciprocal relationship between the networks targeted in bvFTD and AD, replicating previous intrinsic functional connectivity MRI findings in a new set of healthy young controls. Next, we provide preliminary neuropathologic data that VEN loss in bvFTD extends beyond the left pregenual ACC, as studied previously, and includes VENs populating the distributed, bihemispheric ACC-FI network.
METHODS AND RESULTS

ICN Analyses in Healthy Controls: Mapping the Networks Targeted in bvFTD and AD
To replicate our previous findings regarding the normal human ICNs targeted in bvFTD 48 and AD, 28, 52 we performed new ICN analyses using the BrainSCAPE processing engine, 65 available online at http://www. brainscape.org/app/template/Index.vm. First, we analyzed data from 17 healthy control subjects (9 female, mean age = 23.1 y, range = 18 to 27 y) who lay quietly, undirected, in an MRI scanner (dataset BS002 at the BrainSCAPE website, fully described in Ref. 66) . No task instructions or stimuli were provided, except that the subjects were to remain awake and fixate a cross in the center of their visual field. The scan parameters, preprocessing, and analysis methods have been described previously. 67 For this study, we chose a right FI regionof-interest (ROI) based on the atrophy pattern, described above, identified in very mild bvFTD. 19 This ROI, a 4-mm radius sphere centered at (44, 15, À 7) was used to seed a functional connectivity analysis in which we sought voxels, across the whole brain, whose blood oxygen leveldependent signal time course was highly correlated with that of the seed. Group level statistical maps were computed using a random effects analysis, and the data were corrected for multiple comparisons using the MonteCarlo simulation to yield a cluster-level significance threshold of P<0.01 (cluster size = 12 voxels, smoothing at 6 mm full width half maximum). The findings replicated our previous study, 48 which used a similar FI ROI obtained using task-activation maps from a working memory task in controls to select the seed. Again, the right FI showed functional connectivity within a distributed ACC-FI network, as illustrated in Figure 2A (red color scale). Next, we examined the regions inversely correlated with the right FI seed. We found anticorrelated activity in PCC/preCu, retrosplenial cortex, lateral parietal areas, rmPFC, and hippocampi ( Fig. 2A, blue  color scale) . Each of these clusters met the z-score threshold of 3.5. The bilateral lateral parietal and left hippocampal clusters also met the 12 voxel cluster-level threshold. PCC/preCu, retrosplenial cortex, rmPFC, and right hippocampus clusters fell below the cluster size threshold but are included in Figure 2A for illustrative purposes. Each of the anticorrelated regions identified is localized within the DMN, and no cortical regions were identified outside the DMN as previously characterized. 52 Therefore, the ACC-FI network and the DMN, the ICNs which best recapitulate the neuronal injury patterns seen in bvFTD and AD (Fig. 2B) , exhibit anticorrelated activity in the healthy human brain.
VEN Quantification in bvFTD and AD: Preliminary Evidence for Network-wide VEN Loss in bvFTD
The Yakovlev-Haleem Collection is a neuropathologic tissue archive at the National Museum of Health and Medicine that houses a range of human disease specimens prepared with whole brain sectioning. These materials, rarely generated at modern dementia research centers, provide a unique opportunity to probe specific regional and cellular anatomic questions. To gain preliminary support for the hypothesis that VENs are targeted in bvFTD throughout the ACC-FI network, we searched the collection for cases that would allow a comparison of VEN integrity in bvFTD and AD. We identified 1 patient with Pick disease (patient A) cut in the coronal plane. A patient with AD (patient B) provided a suitable comparison on the basis of a similar age and plane of section. 
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Patient A was a 57-year-old man with progressive behavioral and cognitive decline, including childish overactivity, poor judgment, suspiciousness, distractibility, and memory loss, followed by late aphasia and parkinsonism. There was no family history of similar illness. Profoundly demented, he died of a pulmonary embolism 6 years after symptom onset. Applying bvFTD pathologic staging criteria, 17 his gross atrophy was rated stage 1 to 2 on the basis of mild medial frontal, orbital-insular, and hippocampal atrophy, with flattening of the caudate head (Fig. 3A) . The final pathologic diagnosis was Pick disease. Further histopathologic details were not available, but Nissl-stained sections revealed changes compatible with Pick's, including neuronal loss and increased cellularity suggestive of gliosis, with occasional swollen neurons. Because the diagnosis was rendered in 1963, it is uncertain whether Pick disease was meant to signify classical Picktype histology or a nonspecific frontal degeneration. Therefore, we will refer to patient A's illness as bvFTD. Patient B was a 63-year-old man with a pathologic diagnosis of AD. No clinical or further histopathologic data were available, but profound hippocampal and moderate diffuse cortical atrophy support the diagnosis of AD (Fig. 3B) . Whole brain, 35-mm-thick, celloidin-embedded, Nissl-stained coronal sections spanning FI and including the dorsal ACC were selected for counting. FI begins just caudal to the posterior orbital gyrus and runs laterally into the agranular anterior insula (Figs. 2A, B , arrowheads). VENs are found mainly in layer Vb. Dorsal ACC and FI VENs were counted, according to morphologic criteria described previously, 64 using 40 Â and 60 Â aperture objectives (as needed) on 3 sections per patient spaced 1.4 mm apart, moving from the rostral aspect of FI caudally. Counting sections were anatomically matched across patients to the nearest degree possible. Two examiners (W.W.S. and J.M.A.) visually searched the tissue at a 2-headed microscope, advancing through the ROIs manually because no motorized, computerassistive technology was available at the collection at the time of study. Examiner consensus was required to designate any cell a VEN.
VEN counting results are summarized in Figure 3C . In patient A, VENs of the bilateral ACC and FI were devastated. Adding left and right ACC and FI counts over all sections, surviving VENs totaled 49. In contrast, 165 VENs were identified in patient B, including 39 VENs in a single section of left FI. Owing to the method used, these counts are likely underestimates of VEN abundance. Nonetheless, we found that VENs were reduced by 70% in a patient with bvFTD compared with a patient with AD, consistent with our previous larger study, which used systematic, unbiased stereologic techniques to quantify VENs in left ACC. 64 Furthermore, many VENs in patient A showed abnormal morphology, usually manifesting as twisted or distended somata, whereas VENs in patient B showed a normal size and shape (Fig. 3D) . Collectively, these data suggest that VENs may be targeted to a similar degree throughout the ACC-FI network, though this hypothesis requires larger scale investigation.
DISCUSSION
In bvFTD, the crowning social-emotional achievements of primate phylogeny and human ontogeny are relentlessly played in reverse. AD, in contrast, spares or even enhances these functions until moderate to severe disease stages. Our recent findings, combined with those presented here, suggest that bvFTD attacks a lateevolving and late-developing neuronal population, VENs. This neuronal selectivity occurs within a conserved paralimbic network dedicated, in humans and other mammals, to generation and re-representation of visceral-autonomic responses that serve adaptive behavioral choice. The limited neuropathologic data presented here are consistent with a large stereologic study of ACC VENs in controls, bvFTD, and AD. 64 Future studies should push these observations further by studying FI VENs in more patients and investigating the pathogenic cascade that leads to initial VEN injury and subsequent dropout.
How have VENs enhanced the human ACC-FI network? It seems that an ancestor common to apes and humans, living 10 to 15 million years ago, faced environmental pressures that selected for whatever new information processing capacity the VENs provide. Such pressures may have included, among others, the emergence of larger, more complex social groupings (requiring individuals to model and respond to other's intentions) and delayed sexual maturation (requiring long-term maternal-infant bonding). Encephalization itself may have created a pressure that favored VEN-containing brains, especially if VENs provide a service, such as fast, long-range impulse conduction; rapid summation of converging inputs; or a toggle between distributed reciprocal networks, from which large brains might benefit. The presence of VEN-like neurons in whales, also the most encephalized species of their lineage, supports the hypothesis that VENs are an evolutionary response to increasing brain size. The localization of VENs to ACC and FI (in both apes and whales) suggests that VENs require access to visceral-autonomic data to carry out their role in the brain. What this role might be remains a matter for further study.
The regional injury patterns of bvFTD and AD are now well-established. 14, 68 Functional imaging data from healthy humans, provided here and elsewhere, 48, 52, 67, 69 reveal that bvFTD and AD target distinct, large-scale, intrinsic brain networks that are anticorrelated in the undirected state. The ACC-FI network processes emotionally salient internal and external stimuli, in part by orchestrating visceral-autonomic responses. The DMN, in contrast, facilitates episodic memory retrieval and mental time travel 30, 31, 70 but is deactivated when blood flow 51 and electrophysiologic 71 signals rise within ACC. Intriguingly, patient strengths may be as informative as their impairments. Some patients with bvFTD develop newfound visual creativity. This disease-related gain of function has been hypothesized 24 and recently demonstrated 72 to reflect enhancement of posterior cortical function. The reciprocal relationship between the ACC-FI network and the DMN helps explain this phenomenon, because ACC-FI impairment should predict intensified posterior parietal activity, which may, in turn, give rise to visual creativity. Conversely, many patients with AD show striking integrity, or even enhancement, of emotional sensitivity and social grace. Early AD-related damage to the DMN may amplify the ACC-FI network, facilitate VEN survival, and allow the sparing of empathy, eye contact, and social awareness that helps clinicians identify patients with AD and distinguish AD from other dementias.
Data summarized here suggest a clear link between bvFTD and human brain evolution. Might rapid brain evolution in humans have also predisposed us to AD? Medial temporal structures targeted in early AD are, like the ACC and FI, considered ancient in phylogeny, and a recent paper suggested conservation of the DMN among primates. 56 Yet chimpanzees, our nearest primate ancestors, do not develop dementia or form neuritic plaques or neurofibrillary tangles, even with advancing age, despite some senile amyloid plaque formation. 73 Conceivably, some subtle anatomic, functional, or epigenetic enhancement of the human DMN has rendered this large scale neural ensemble vulnerable to AD pathology. In this regard, we note that the rmPFC, the major anterior component of the DMN, is disproportionately expanded in humans compared with monkeys. 31 This region, multifaceted in its roles, 21, 74, 75 relates closely to ACC and may place new demands on both the ACC-FI and default mode networks. Perhaps some neural specializations, despite their advantages, have come at a cost. Further attention to human neuro-evolutionary adaptations may help clarify the pathogenesis of bvFTD, AD, and other diseases that strike at the core of the human experience.
